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Introduction

50
The last decades saw the development of an increasing number of global hydrological models (GHMs), e. water availability , the impact of land use change om global water resources (Rost 68 6 which are model codes that can be used to solve the 1D-2D shallow water equations (or approximation 159 thereof) for detailed inundation studies. 
Land surface module 234 235
This core module of PCR-GLOBWB 2 covers the land-atmosphere exchange, the vertical flow between soil 236 compartments and the eventual groundwater recharge, snow and interception storage and the runoff generation 237 mechanisms. Information is organized per land cover type and the fraction it occupies within a cell. The 238 number of land cover types is configurable; the standard parameterization of PCR-GLOBWB 2 carries: tall 239 natural vegetation, short natural vegetation, irrigated crops (non-paddy) and paddy-irrigation (i.e., wet rice). 240
For each land cover type, separate soil conditions can be specified. It should be noted that the soil and 241 vegetation conditions are in any case fully spatially distributed. Thus, vegetation properties (e.g., crop factor, 242
Leaf Area Index) and soil properties (depth, saturated hydraulic conductivity, etc.) vary not only between land 243 cover types, but may also vary from cell-to-cell (e.g., per climate zone). In the standard parameterization 244 vegetation properties vary over the year using a monthly climatology of phenology and crop calendars (i.e. for 245 the crop factor and LAI). The application of irrigation water for paddy and non-paddy irrigation is done by the 246 irrigation and water use module. It is based on the FAO guidelines of Allen et al. (1998) and is dependent on 247 the actual soil water storage (S 1 , S 2 ) or paddy-open water storages. All fluxes, from and to the land surface 248 module in Figure 2 , are thus calculated separately per land cover type. The resulting vertical fluxes for each 249 land cover type are: interception evaporation, bare soil evaporation, snow sublimation, vegetation-specific 250 transpiration. In the soil column, vertical fluxes are based on Darcian flow and interact with the underlying 251 groundwater store, S 3 . Surface runoff (Q dr , from precipitation and snowmelt) consists of infiltration excess 252 runoff and saturation excess runoff following a sub-grid approach that mimics variable source areas, i.e. the 253 improved Arno Scheme (Todini, 1996; Hagemann and Gates, 2003) . Interflow or stormflow (Q sf ), mostly 254 occurring in regolith soils on hillslopes, is also handled with a sub-grid approach based on a runoff 255 parameterization by Sloan and Moore (1984) . All fluxes are computed per land cover type and balanced with 256 the available storage to arrive at the net flux that is used to update the storages for the next time step. Also, to 257 report the overall fluxes per cell, and to pass these to other modules, the land cover specific fluxes are 258 subsequently averaged (weighted by land cover type fractions). 259
260
For the standard parameterization of the land surface module the following data sets are combined (see Table  261 A2): the cell fractions of various non-irrigation land cover types are based on the map of Global Land Cover 262
Characteristics Data (GLCC) Base Version 2.0 (Loveland et al., 2000) with the land cover classification 263 following Olson (1994a; b) and the parameter sets from Hagemann et al. (1999) and Hagemann (2002) . 264
Irrigation land cover types (i.e. paddy and non-paddy), including their crop calendars and growing season 265 lengths, are parameterized based on the data set of MIRCA2000 (Portmann et al., 2010) module) that is larger than the sum of recharge and riverbed infiltration, the groundwater storage S 3 is allowed 279 to become negative. In this case, the part of the withdrawn groundwater in excess of the input (recharge and 280 riverbed infiltration) is seen as non-renewable groundwater withdrawal leading to groundwater depletion 281 (permanent loss of groundwater from storage). In case withdrawal becomes smaller than the input, the 282 remaining input is used to first fill the negative storage to zero, before baseflow Q bf commences again. 283
Alternatively, an initial estimate of a fossil, i.e. a non-actively replenished, groundwater store can be imposed 284 that provides a similar functionality. which case the storage is subdivided by area such as to ensure that lake and reservoir levels are the same 327 across their extent. The active storage of lakes and the actual storage of reservoirs are dynamically updated; for 328 the lake outflow a standard storage-outflow relationship is used based on a rectangular cross-section over a 329 broad-crested weir, while reservoirs follow a release strategy. This strategy is, by default, aimed at passing the 330 average discharge, while maintaining levels between a minimum and maximum storage, but more elaborate 331 strategies that take account of downstream water demand are possible (e.g. Van Beek et al., 2011). Lakes and 332 reservoir areas change based on global volume-area relationships. All surface water areas, i.e. the river 333 channel, inundated floodplains, lakes and reservoirs, are subject to open water evaporation calculated from 334 reference potential evaporation multiplied with a factor depending on water type and water depth. Moreover, 335 surface waters are subject to surface water withdrawal calculated with the Irrigation and Water Use module. 336
337
If the kinematic wave approach is used, it can be also augmented with an energy routing scheme to simulate 338 surface water temperature (Van Beek et al., 2012). Finally, it should be noted that it is possible to run the 339 routing routine from PCR-GLOBWB 2 as a stand-alone routine, which allows it to be fed with the specific 340 discharge from other land surface models. 
Water demand 364
Irrigation water demand is calculated based on the crop composition (which changes per month and includes 365 multi-cropping) and the irrigated area per cell. As stated above, these are obtained from MIRCA2000 366 (Portmann et al., 2010 ) and the Global Crop Water Model . In the standard PCR-367 GLOBWB 2 parameterization the irrigated areas change over time. In want of detailed data, fractions of paddy 368 and non-paddy irrigation, as well as the crop composition per month stay fixed (as obtained from 369 MIRCA2000), while the total irrigated area per cell changes over time and is based on the FAOSTAT (FAO, 370
2012) reported irrigated areas. Irrigation water demand is computed using the FAO guidelines (Doorenbos and 371
Pruit, 1977; Allen et al., 1998): in case of non-paddy irrigation, water is applied whenever soil moisture falls 372 below a pre-set value and then the soil column is replenished up to field capacity. In case of paddy irrigation, 373 the water level is kept at a water depth of 5 cm above the surface until the late crop development stage (∼ 20 374 days) before the harvest. After that, no irrigation is applied anymore such that the water level is allowed to 375 drop to zero under infiltration and evaporation . The net irrigation demand is augmented to 376 account for limited irrigation efficiency and losses. In the standard parameterization of PCR-GLOBWB the 377 irrigation water demand is increased by 40% to obtain gross irrigation water demand (meaning an irrigation 378 efficiency of (1/1.4)×100 = 71%.) However, it is possible to use spatio-temporal varying irrigation 379 efficiencies if needed, which is the case for all other variables. 380
Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2017-288 Manuscript under review for journal Geosci. Model Dev. prescribed on an annual basis as a function of population, electricity demand and gross domestic product 386 (GDP) per capita. In addition, domestic water demand exhibits a seasonal variation on the basis of 387 temperature. Domestic and industrial gross water demand is calculated from net water demand using a 388 country-specific recycling ratio RC (based on development stage or GDP per capita and additionally access to 389 domestic water demand): gross = net/(1-RC). This takes into account that much of the domestic and industrial 390 water is not consumed but returned as surface water. For livestock, the return flow is assumed to be zero, 391 meaning all water is consumed. 392
393
Water withdrawal 394
The water withdrawal estimation is based on the work by de Graaf et al. (2014) and . In 395 PCR-GLOBWB 2 water withdrawal is set equal to gross water demand (summed over all the sectors) unless 396 sufficient water is not available. In that case, water withdrawal is scaled down to the available water and then 397 allocated proportionally to gross water demand per sector. Thus, no allocation preference is available in the 398 standard parameterization of PCR-GLOBWB 2, but it would be rather straightforward to change this. Moreover, we cannot assume that all the water demand is supplied from surface water and groundwater 424 resources in the same cell. Ideally, the local water redistribution network should be used to define a surface 425 water service area. Unfortunately, this information is not available at the global scale. Therefore, in our current 426 parameterization of PCR-GLOBWB 2, we pool water availability of desalinated and surface water over zones 427 of approximately 1 arc-degree around each 5 arc-minute cell that are truncated by country and basin borders if 428 applicable. For groundwater, 0.5 arc-degree zones are used. The downside of the current scheme is that a cell 429 does not always have access to its nearest water resource if this lies outside its prescribed service area. 430
Available surface water for abstraction is stored in channels, lakes and reservoirs within each cell and service 431 area. Groundwater availability is also limited by the pumping capacity in the service area. specified at 30 arc-minute spatial resolution and directly usable. We used ERA40 and ERA-I results 515 that had been resampled by ECMWFs resampling scheme from their original resolutions (~1.2º and 516 ~0.7º) to 30 arc-minutes first. Precipitation was temporally downscaled by first applying a threshold of 517 0.1 mm/day to the ERA daily time series to estimate the number of rain days for ERA. The amount of 518 rainfall below this threshold was proportionally allocated to the rain days. Next, the daily rainfall totals 519 were scaled in order to reproduce the CRU monthly precipitation total using multiplicative scaling. 520
Equally, monthly reference potential evaporation, computed with Penman-Monteith from the CRU data 521 set was scaled using multiplicative scaling and downscaled to daily data proportional to Hamon (1967) 522 evaporation calculated from daily ERA temperatures. For the air temperature, an additive scaling factor 523 was used. To better simulate snow-dynamics for the 5-arc-minute model, the temperature values from 524 CRU were further spatially downscaled to 5 arc-minutes using a temperature lapse-rate derived from 525 the higher-resolution CRU V1.0 climatology (New et al., 2002) . For areas where the number of stations 526
Geosci underlying the CRU data set was found to be small, preference was given to using directly the 527 meteorological data from ERA. The method used to create the forcing data set is described more 528 extensively in Van Beek (2008) . 529 
River discharge 556 557
We used discharge stations from GRDC (2014) to compare simulated discharge from PCR-GLOBWB 558 2 with monthly reported discharge. From all the globally available stations in the database, we selected 559 a subset of stations using the following criteria: 1) allowing a not more than 15% difference in 560 catchment area between PCR-GLOBWB 2 and the area reported with the GRDC discharge station; 2) 561 not more than 1 cell distance between the station location and the nearby location of a main river in 562 PCR-GLOBWB 2; 3) at least 1 year of discharge data. This yielded 5363 stations for the 5 arc-minute 563
Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2017-288 Manuscript under review for journal Geosci. Model Dev. also claim that one of the advantages of using the mascon solutions relative to traditional SH (spherical 575 harmonic) solutions is that it makes it much easier for non-geodesists to apply GRACE data to 576 hydrologic problems. Note that although the data of PL-RL05M are represented on a 30 arc-minutes 577 lat-lon grid, they represent the 3x3 arc-degree equal-area zones, which is the actual resolution of JPL-578 RL05M. We compared trends on a pixel-by-pixel basis. Given the coarse resolution of GRACE 579 products of about 300 km by 300 km we compared cross-correlations only for major river basins with 580 an area of 900,000 km 2 and up. 581 Table 1 show that there are some differences 596 between the two model runs, but values are in the same order of magnitude. The small difference in 597 precipitation is due to the fact that the area of the land cells is slightly different at the two resolutions. 598
Differences in evaporation and runoff show that the runoff and evaporation parameterization of PCR-599 GLOBWB 2 is not entirely scale-consistent. Differences in evaporation may also be causing the 600
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609
From Table 1 , it can also be seen that there is a negative change in total terrestrial water storage in both 610 model runs. The histograms of the anomaly cross-correlation are shown in Figure 5 The anomaly cross-correlations are 685 generally lower than the cross-correlations, showing that seasonality explains part of the skill in many regions 686 where seasonal variation is dominant when compared to intra-annual or inter-annual variability. Clearly, the 5 687 arc-minute results are much better than those of the half-degree simulation, indicating a higher skill with 688 regard to capturing extremes and anomalies. East, Pakistan and India. For these regions, the absolute rates of TWS change (i.e. TWS declines) of PCR-715 GLOBWB 2 are generally larger, while the spatial pattern in the GRACE map tends to be smoother. This is 716 mainly due to the lower resolution and spatial averaging used in the GRACE product, as well as the fact that 717 the current PCR-GLOBWB 2 simulation does not include lateral groundwater flow between cells. In the polar 718 regions where GRACE estimates mass loss due to melting glaciers and ice sheets, PCR-GLOBWB 2 simulates 719 accumulation as a result of lack of a glacier parameterization. Finally, there are some clear differences over the 720
Amazon and some parts of Africa. A possible explanation are errors in meteorological forcing data, which is 721 not very accurate in these parts, but also problems with the over-estimation of PCR-GLOBWB's groundwater 722 response times in these regions which therefore fail to be sufficiently sensitive to recent changes in terrestrial 723 precipitation. 724
725
Further analyses were conducted at the basin-scale resolution, where both TWS time series of PCR-GLOBWB 726 2 and GRACE JPL-RL05M were averaged over a river basins areas map derived from the 5 arc-minute PCR-727 GLOBWB drainage network. We identified all river basins with sizes larger than 900,000 km 2 , which is 728 similar to the GRACE resolution. Smaller river basins were merged to the nearest river basins or grouped 729 together. For the remaining map of large basins, the cross-correlations between PCR-GLOBWB 2 and 730 GRACE basin-average monthly and annual TWS time series were calculated. Monthly cross-correlation 731 provides information about PCR-GLOBWB's ability to correctly time TWS seasonal variability (with a value 732 equal to 1 for perfect timing), while the cross-correlation for annual time series measures inter-annual 733 variability. 734
735
The results in Figure 8 show that PCR-GLOBWB 2 is able to capture GRACE's TWS seasonality for most 736 basins around the world, with the exception of some cold regions in high latitudes (e.g. the Yukon River basin, 737
Iceland). This shortcoming is most likely due to the lack of a proper representation of glacier and ice processes 738 Comparing the 5 arc-minute with 30 arc-minute simulations using discharge data we clearly find an 781 improvement in the model performance of the higher resolution model. We find a general increase in 782 correlation, anomaly correlation and KGE, indicating that the higher resolution model is better able to capture 783 the seasonality, hydrological extremes and the general discharge characteristics. Also, PCR-GLOBWB 2 is 784 able to reproduce trends and seasonality in total water storage as observed by GRACE for most river basins. It 785 simulates the hotspots of groundwater decline that around in GRACE as well. 
